Abstract. Cochlear hair cell mechanics are typically probed using a flexible glass fiber. Fibers are individually produced and can vary substantially in their mechanical properties. The fiber is actuated using a macroscale piezoelectric stack and the fiber deflection is monitored optically, which both have a variety of limitations. We have developed micromachined silicon force probes that improve upon these characteristics. Keywords: MEMS, instruments, cochlear mechanics, force probes PACS: 43.64.Yp, 43.64.Kc
SUMMARY
The mechanical responses of hair cells, whether mechanosensory hair bundle or the electromotile lateral wall of the outer hair cell, are typically investigated using flexible glass fibers [5, 8] . The glass fibers are individually produced to have a spring constant comparable to that of the cell response being probed. The probes are usually mounted on a macroscale piezoelectric actuator in order to generate movement, and probe deflection is measured using a differential photodiode pair.
However, glass probes tend to be quite variable in their mechanical properties, difficult to make and calibrate, and the experiments quite challenging as multiple parameters need continual monitoring. In addition, these devices are limited in frequency range and sensitivity. Optical tweezers have also been used for this task but are limited to experiments on isolated cells. These tweezers are also burdened with the need for a high refractive index bead attached to the hair bundle, and the bead placement reproducibility and mechanical adherence can vary between experiments.
We are developing a new type of force detection and delivery system. This probe can be mass produced to have specific mechanical properties spanning the range required to investigate inner ear tissue. The probe consists of a silicon cantilever beam with an embedded piezoresistive strain gauge. Force applied to the cantilever tip bends the beam, inducing a resistance change in the piezoresistor. The probe can be mounted on a macroscale actuator, but we are also developing microactuators that would enable higher speed operation using piezoelectric or thermal actuation. In order to simultaneously achieve a high resonant frequency (10-200 kHz), low probe stiffness (0.3-40 mN/m), and low minimum detectable force (10-100 pN), cantilever dimensions are on the order of 300 nm thick, 1-2 µm wide, and 30-150 µm long.
The piezoresistive effect is a large, strain induced change in resistivity found in silicon and other semiconductors. Piezoresistive cantilevers operate on the principle that a force applied to the tip mechanically strains the piezoresistor, changing its resistance, which is measured using a Wheatstone bridge and instrumentation amplifier. Piezoresistive sensing can be added to conventional atomic force microscope (AFM) cantilevers with the addition of several semiconductor processing steps, and piezoresistive cantilevers are particularly useful when optical access is limited or inconvenient [6] . The force and displacement resolution of piezoresistive cantilevers is comparable to optical detection with proper design [1, 4, 7] .
The force probe is manufactured on a silicon wafer using techniques that we have previously reported [2, 3] . The probe dimensions are defined lithographically and over a hundred are produced in parallel on each wafer. After the fabrication process is completed, a silicon die is removed from the wafer and mounted on a printed circuit board, with electrical connections made via wirebonds. The force probe occupies only a small area of the silicon die, which is designed to be long and narrow in order to fit underneath a high magnification upright microscope objective. Additionally, the probe is shifted as far as possible to the side so that it makes contact with the hair cell before any other part of the device when mounted at a slight angle. The probe operates in ionic solution, and is coated with a thin film dielectric (e.g. parylene N) to prevent corrosion of aluminum lines and limit the leakage current between the piezoresistor and patch clamp.
